Introduction {#sec0005}
============

The lateral hypothalamus (LH) plays an important role in descending modulation in acute nociception ([@bib0070], [@bib0085]; [@bib0050]), persistent inflammation ([@bib0125]; [@bib0055]; [@bib0120]; [@bib0315]), and hyperalgesia from nerve injury ([@bib0110]; [@bib0295]). The LH modifies nociception in part through connections with the A7 catecholamine cell group, a group of spinally descending noradrenergic neurons, as shown by anatomical study ([@bib0040]) and behavioral studies ([@bib0320]; [@bib0325]; [@bib0090]; [@bib0095]; [@bib0195]). The LH sends projections to the A7 cell group ([@bib0140]; [@bib0105]) and some of these projections likely contain substance P ([@bib0100]).

We used two models of pain to determine the role of the LH in descending modulation. Naïve rats model acute nociception and rats with chronic constriction injury (CCI) model hyperalgesia seen in neuropathic pain ([@bib0020]; [@bib0010]; [@bib0135]). We found that stimulating the LH with the cholinergic agonist carbachol produces antinociception in both naïve and CCI rats, although pain condition and sex differences occur ([@bib0110]). We have also shown that, in naïve females, antinociception from LH stimulation occurs in part from norepinephrine acting at α~2~-adrenoceptors in the spinal cord dorsal horn, but that concurrent pronociception also occurs from norepinephrine acting at α~1~-adrenoceptors ([@bib0070]; [@bib0125]). This concurrent pronociception likely dampens the antinociceptive effect. We do not know whether this opposing effect occurs in naïve males, or in males and females with chronic pain conditions.

We conducted whole animal experiments to examine the role of the LH in alpha-adrenergic descending modulation of nociception in male and female rats in models of acute nociception and hyperalgesia. We stimulated the LH with one of three doses of carbachol followed by intrathecal (IT) injection of α -antagonists either in naïve rats, or in rats with CCI. Both male and female rats were used. A thermal stimulus was applied to the left hind paw and time to paw withdrawal (TPW) was measured.

Experimental procedures {#sec0010}
=======================

The Institutional Animal Care Committee at the University of Michigan approved the experimental protocol used in this study. The experiments were conducted in accordance with the [@bib0185]. All efforts were made to minimize animal suffering, reduce the numbers of animals used, and use alternatives to in vivo experiments.

Animals {#sec0015}
-------

Male and female Sprague-Dawley rats (275--400 g; Charles River, Portage, MI, USA) were used in the study. All rats were maintained on a 12 -h day/night schedule with free access to food and water. To reduce the risk of mirror image effects on the non-ligated paw in the CCI protocol ([@bib0135]), we used separate control animals rather than having each animal serve as its own control. The numbers of rats per group ranged from 9-15. Variability in group numbers was due to misplacement of either the cerebral microinjector cannula or the IT cannula. 524 rats were used in the analyses, and each rat was used only once.

All rats were lightly anesthetized for the experiments and received one of three doses of carbachol microinjection in the LH. These microinjections were followed immediately by IT injection of either an α~1~ --antagonist, an α~2~ --antagonist, or saline for control. The groups consisted of naïve males, naïve control males, naïve females, naïve control females, CCI males, CCI control males, CCI females, and CCI control females. The control rats all received LH stimulation, but were given saline IT.

CCI. procedure {#sec0020}
--------------

This procedure has been outlined in detail elsewhere ([@bib0110]). Briefly, each rat was anesthetized with isoflurane, and the left common sciatic nerve exposed at mid-thigh level. Four ligatures (4.0 chromic gut) were tied loosely around the nerve about 1 mm apart and standardized by observing the initial twitching of the paw as the ligature was tightened. The muscle was sutured with 4.0 chromic gut and the incision closed with wound clips. Each rat received a subcutaneous injection of buprenorphine (0.3 mg/ml) at a dose of 0.05 mg/kg, recovered and returned to its cage. Fourteen days elapsed between CCI ligation and the conduct of the experiments to allow for development of hyperalgesia, based on the protocol of [@bib0020].

Analgesiometric testing procedures {#sec0025}
----------------------------------

To determine the effect of LH stimulation and IT antagonist application on thermal nociception, the paw withdrawal test was used. In this procedure, the hairy surface of the left hind paw was exposed to a focused beam of radiant heat using an analgesiometer (37360, Ugo Basile, Italy). The radiant beam was adjusted to a maximum intensity of 145 mW/cm^2^ and the time interval between the onset of skin heating and the withdrawal response was measured electronically. In the absence of a response, skin heating was terminated after 15 s to prevent burning. The longer the TPW, the greater the antinociceptive effect. Baseline response latencies were approximately 6--8 s. Temperature was measured with a rectal probe at baseline and at 50 min. Heart rate, blood pressure, and mean arterial pressure were measured pre-injection and following the final latency measurement using a tail cuff and Coda monitor (Kent Scientific; Torrington, CT, USA).

Carbachol microinjection in the LH followed by microinjection of IT antagonists {#sec0030}
-------------------------------------------------------------------------------

Male and female Sprague-Dawley rats were randomly assigned to groups. Each was prepared for microinjection in the LH as follows: each rat was lightly anesthetized with sodium pentobarbital (35 mg/kg, IP) and the scalp and dorsal neck infused with 1% lidocaine (0.15 ml). If the rat vocalized or moved without stimulation, supplemental pentobarbital could be given, but was rarely required.

In preparation for IT drug delivery, a 32 gauge intrathecal catheter constructed from PE-10 polyethylene tubing (Micor, Allison Park, PA) was inserted through an incision in the cisterna magna and the tip positioned over the lumbar enlargement. IT drugs were dissolved in physiological saline and filtered through a 0.2-μm filter immediately before injection. The drug was then injected in two consecutive 15 μl doses using an electronic syringe pump at a rate of 30 μl/min.

The rat was then placed in a stereotactic apparatus in preparation for LH stimulation. A 2-cm incision was made through the scalp, and the muscle and fascia retracted. A 23-gauge stainless steel guide cannula was lowered through a burr hole into the region of the left LH defined by the following stereotactic coordinates: AP −1.5 mm from bregma, lateral +1.6 mm, vertical +2.2 mm, incisor bar set at −2.5 mm. A 30-gauge stainless steel injection cannula was connected to a 10 μl syringe by a length of PE-10 polyethylene tubing filled with either saline or a solution of carbachol of either 125, 250 or 500 nmol in normal saline injected in a volume of 0.5 μl (Sigma Chemical Co., St. Louis, MO). All solutions were made fresh daily and filtered through a 0.2 μm syringe prior to use. The injection cannula was then inserted and extended approximately 3 mm beyond the end of the guide cannula.

Following a baseline measurement, one of three carbachol doses (125, 250, or 500 nmol in a volume of 0.05 μl; [@bib0110]) was then microinjected into the LH and TPW determined at 1, 5, and 10 min post microinjection. At 11 min post-microinjection, either the α~1~-adrenoceptor antagonist WB4101 (37 μg, 97 nmol/ 15 μl; Sigma), the α~2~-adrenoceptor antagonist yohimbine (38 μg, 97 nmol/15 μl; Sigma) or saline for control was then injected IT ([@bib0070]). TPWs were measured at one min post IT injection and then every five minutes for 45 min.

IT antagonist injection only {#sec0035}
----------------------------

In a separate experiment, each group of rats was given IT injections of either yohimbine, WB4101 or saline for control without LH stimulation. This experiment was done to determine whether there was tonic noradrenergic activity at either α~1~- or α~2~-adrenoceptors and to assure that the effects of the previous experiment were not due simply to the presence of a cannula in the IT space. The IT cannula was placed in the IT spaced as described earlier and a baseline left paw withdrawal measurement was taken. One minute later the antagonist or saline was injected into the IT space, then paw withdrawal measurements were taken it 1 min post injection, then every 5 min for 45 min.

Microinjector and IT cannula placement verification and histology {#sec0040}
-----------------------------------------------------------------

Following testing, animals were overdosed with sodium pentobarbital and decapitated. The brains were taken and drop fixed in a solution of 10% neutral-buffered formalin. To determine the position of the microinjection sites relative to the LH, 40 μm transverse brain sections were cut from blocks of tissue that contained the visible injection cannula tract using a cryostat microtome, stained and cover slipped on slides. The placement of the microinjection cannula was determined by locating the most ventral position of the cannula tip in serial sections by bright field microscopy. Tracings of the appropriate sections were then made using the Neurolucida imaging system (Microbrightfield, Colchester, VT). The tracings were compared with drawings from the atlas of [@bib0210] to verify that the cannula was within the LH. Data from cannula placements outside the LH were omitted from analysis.

For IT placement, data from cases in which the cannula was located in the ventral aspect of the subdural space, or in the spinal cord itself, were excluded from analysis.

Statistical analysis {#sec0045}
--------------------

Statistical analyses were performed using Stata, IC software (v 15.0, StataCorp LP, College Station, TX) setting 2-tailed alpha to reject the null hypothesis at 0.05. This is a 2 (sex) x 3 (IT drug) x 3(carbachol dose) x 2(naïve, CCI) x 10 (time) mixed factorial design with *n=* 9--15 animals randomized to each cell in the experimental design. These data were right-censored at 15 s, the maximum amount of exposure time allowed during this experiment. The data were square root transformed to meet the normality assumption of these statistical methods.

We submitted the root-transformed, right-censored TPW data to a fully factorialized Tobit regression model ([@bib0275]) with fixed parameters evaluating all main effects and interaction effects, including Pain Condition (naive, CCI) x Sex (male, female) x Drug (Saline, WB, Yohimbine) x Carbachol Dose (125, 250, 500 mg) x Time (minutes 1, 5, 10, 15, 20, 25, 30, 35, 40, 45) experimental design. We accommodated for the repeated observations over time by incorporating cluster-adjusted standard errors ([@bib0240]). Our model also included each animal's maximum observed carbachol-induced (root-transformed) TPW observed prior to the start of the experimental protocol as a covariate in order to adjust for differences observed in responses to carbachol alone ([@bib0110]). We adjusted for inflated Type I alpha risk in these pairwise comparisons using Benjamini & Hochberg's step-up false discovery rate (FDR) adjustment method, accepting a 10% FDR ([@bib0015]).

Results {#sec0050}
=======

Microinjector placement {#sec0055}
-----------------------

[Fig. 1](#fig0005){ref-type="fig"} is a representation of microinjector placements for female (A) and male (B) CCI rats given 500 nmol of carbachol in the LH, the dose that was most effective across groups (data not shown). Placements were similar for naïve rats. Most of the injection sites occurred within the LH as described by [@bib0210]. Data from rats with microinjector sites outside the LH were omitted. There were no significant differences among groups for heart rate, mean arterial pressure, blood pressure, or temperature.Fig. 1Representative locations of microinjection sites in the LH for TPW for the 500 nmol dose of carbachol in female (A) and male (B) CCI rats. Most of the microinjection sites were located within the border of the LH between AP -2.40 and -3.60. The symbols represent the peak time of carbachol effectiveness at 10 min post microinjection. Symbols for TPW after microinjection of carbachol are as follows: (![](fx1.gif)) 1--5 s; (![](fx2.gif)) 6--10 s; (![](fx3.gif)) 11--15 s. Data from injection sites located outside of the LH, as shown by solid symbols (♦,●,◼), were excluded from the analysis. AMG, amygdala; DM, dorsomedial hypothalamus; ic, internal capsule; LH, lateral hypothalamus; LV, lateral ventricle; mt, mammillothalamic tract; opt, optic tract; PH, posterior hypothalamus; VM, ventromedial thalamic nucleus; VPL ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamic nucleus; ZI, zona incerta.Fig. 1

Analysis of overall model {#sec0060}
-------------------------

Our overall Tobit model revealed a significant 5-way interaction effect on TPW (F(~36,\ 3831~) = 1.47; p \< .04), suggesting that nociceptive condition (naïve or CCI), intrathecal drug (saline, yohimbine or WB4101), carbachol dose (125, 250, 500), and sex (male, female) all interacted to explain differences observed over time. Therefore, we held nociceptive condition constant in order to evaluate the simpler interactions and main effects of drug, dose, and sex on differences over time for both CCI and naïve nociceptive types.

Effects of LH stimulation on alpha-adrenergic activity in naïve rats {#sec0065}
--------------------------------------------------------------------

We found no significant differences between male and female rats for carbachol dose or IT drug effects, so we combined them for the analysis. Our analysis of TPW in naïve animals revealed a significant Dose by Time interaction effect (F~(18,\ 1943)~ = 1.98; p \< .01) and a Drug by Time effect (F~(18,\ 1943)~ = 5.34; p \< .01, see [Fig. 2](#fig0010){ref-type="fig"}). Per [Fig. 2](#fig0010){ref-type="fig"}, it is clear that blocking α~1~-adrenoceptors with WB4101 elicited immediate antinociception, indicating that α~1~-adrenoceptors promoted nociception. We also observed faster withdrawal responses in rats given the α~2~-adrenoceptor antagonist, yohimbine, compared to the control (saline) condition, indicating that α~2~-adrenoceptors mediated antinociception. Follow-up pairwise comparisons between WB4101 and saline revealed significant differences after FDR adjustments including those at minutes 1 through 35, and at 45 min FDR-adjusted significant differences were also observed between yohimbine and saline at minutes 10 through 45Fig. 2Drug by Time Interaction Effect in Naïve Rats. The combined effect of IT alpha-adrenoceptor antagonists on TPW in naïve rats. Following a baseline response latency, one of three doses of carbachol was microinjected into the LH. Three paw withdrawal latencies were taken (not shown for clarity). At time 0, normal saline (circles), WB4101 (triangles), or yohimbine (squares) was then microinjected into the IT space at time 0 and the results are shown here. No differences were found for sex or carbachol dose. Male and female rats all showed significant antinociception versus control after IT WB4101 (p \< 0.01). Yohimbine produced hyperalgesia in all groups. Asterisk (\*) identifies pairwise differences that were significant using 10% False Discovery Rate adjustments across all pairwise comparisons.Fig. 2

Effects of LH stimulation on alpha-adrenergic activity in CCI rats {#sec0070}
------------------------------------------------------------------

Our analysis of TPW in animals exposed to the CCI condition was more complicated, and showed a significant 4-way interaction involving Intrathecal Drug (saline, yohimbine, WB4101), Sex (male, female), Carbachol Dose (125, 250, 500) and Time (F~(36,1886)~ = 1 .92; p \< 0.01). To understand these effects fully, we held sex constant and examined the effects of Drug and Dose on changes over Time. Both of these simplified models revealed significant 3-way interaction effects of Drug x Dose x Time (F~(36,\ 924)~ = 2.54; p \< .01 for females, F~(36,\ 962)~ = 1.62; p \< .05 for males), justifying follow-on analyses within drug dose. [Fig. 3](#fig0015){ref-type="fig"} illustrates these effects, where the differences between WB4101 blockade of α~1~-adrenoceptors and saline for females are fairly large, with the 500-nmol dose of carbachol producing the greatest effect. This finding is in contrast to the effects of WB4101 relative to saline for males, where the effects of WB4101 were somewhat muted. These findings indicate that the pronociceptive α~1~-adrenoceptors were generally more active following LH stimulation in CCI females than in males.Fig. 3Drug by Dose by Sex by Time Effects in CCI Rats. Carbachol in the LH produced significant sex and dose differences in CCI following IT administration of α--adrenergic antagonists (*p* \<  0.01). Depending on dose and sex, WB4101 (triangles) produced antinociception, while yohimbine (squares) produced hyperalgesia, as compared to control (circles). Asterisk (\*) identifies pairwise differences that were significant using 10% False Discovery Rate adjustments across all pairwise comparisons.Fig. 3

Regarding the effects of yohimbine versus saline, we saw a dose-dependent effect among males, with the blockade of α~2~-adrenoceptors by yohimbine producing the most consistent hyperalgesic effect following the 500-nmol dose of carbachol ([Fig. 3](#fig0015){ref-type="fig"}). This effect is contrasted to female responses, in which there was essentially no significant difference with yohimbine compared to control regardless of carbachol dose ([Fig. 3](#fig0015){ref-type="fig"}). These findings show that male CCI rats experienced antinociception from α~2~-adrenoceptor involvement, but female CCI rats did not.

Effects of IT antagonist injection only {#sec0075}
---------------------------------------

Analysis of TPW following IT only application of WB4101, yohimbine, or saline for control demonstrated a 4-way interaction among Sex (female, male), Pain Condition (naïve, CCI), IT drug (WB4101, yohimbine, or saline), and Time (F~(18,\ 900)~ = 8.33; p \< 0.0001), justifying follow-on analyses within Pain Condition. Focusing naïve rat data, we found a 3-way interaction effect (F~(18,\ 485)~ = 1.74; p \< 0.05) that showed that males and females differed across time with respect to IT drug. WB4101 producing significantly longer TPW than saline in males compared to females, while TPW for yohimbine did not differ statistically from saline control in either sex (data not shown).

Our three-way analysis focusing on CCI data for female and male rats also revealed a significant 3-way interaction effect (F~(18,\ 416)~ = 7.63; p \< 0.0001). However, with the CCI data, both females and males demonstrated significantly longer TPW following blockade of α~1~-adrenoceptors with WB4101, while neither females nor males demonstrated any significant differences between yohimbine and saline (data not shown). These findings replicate those reported from earlier work ([@bib0285]).

Discussion {#sec0080}
==========

In the present study, we examined the role of the LH in modulating two pain conditions, naïve vs. CCI, via the descending noradrenergic system in male and female rats. We observed several key findings related to pain condition and sex differences in activity of alpha-adrenoceptors in CCI rats.

The first important finding was that responses of rats in the naïve condition were different from those of the CCI condition. This finding supports the idea that peripheral nerve damage can alter the role of descending modulatory input ([@bib0150]; [@bib0215]; [@bib0220]). For example, CCI differentially upregulates α~1~-adrenoceptor subtypes A, B, and D and α~2~-adrenoceptor subtype A in the dorsal root ganglia ([@bib0035]). Spinal nerve ligation produces upregulation of norepinephrine transporters ([@bib0245]), and spinal cord impact injury can remodel the dendritic spines of lamina II neurons, which may play a role in circuit function of the dendrites and promote central sensitization ([@bib0025]; [@bib0270]; [@bib0165]).

The second important finding was a difference in the responses of naïve rats to IT alpha antagonists compared to those of CCI rats. Both male and female naïve rats showed the opposing effects of α~1~- and α~2~-adrenoceptors similar to those we have reported previously in females ([@bib0070]; [@bib0125]), and that others have reported for male rats with α~2~-adrenoceptor involvement with post-operative pain ([@bib0145]). In the naïve model, stimulation of the LH produces antinociception in both male and female rats, albeit with carbachol dose differences ([@bib0110]), indicating that the net effect of opposing alpha-adrenoceptor involvement following an acute thermal stimulus is antinociception.

Such a clear opposing action was not seen in rats with the CCI condition. As expected, α~1~-adrenoceptor involvement was seen in varying levels with all three doses of carbachol in both male and female CCI rats, although generally speaking, females had a greater response to α~1~-adrenoceptor blockade than males, especially at the 500-nmol carbachol dose ([Fig. 3](#fig0015){ref-type="fig"}). We have shown that α~1~-, but not α~2~-adrenoceptors are tonically active in both CCI males and females, with the CCI rats showing significantly greater responses than the naïve rats ([@bib0285]). Findings from the present study, in which we gave only IT antagonists, support these earlier findings of tonic α~1~-adrenoceptor activity. Furthermore, following denervation, both α~1~- and α~2~-adrenoceptor densities increase in the spinal cord of male rats ([@bib0250], [@bib0255]) and mRNA for the α~1B~-adrenoceptor subtype is up-regulated in dorsal root ganglia after spinal nerve ligation in rat ([@bib0310]). Taken together, these findings are suggestive that, following nerve injury, pronociceptive α~1~-adrenoceptors upregulate significantly, and may mediate some aspects of chronic pain from nerve injury, especially in female rats.

Contrary to our findings, α~1~-adrenoceptors are antinociceptive in histamine-induced hypersensitivity following spinal nerve ligation ([@bib0300]), and in nitrous oxide-induced antinociception ([@bib0205]). The reasons for this contradiction are unclear, but likely are the result of different research models.

Unlike the responses of α~1~-adrenoceptor blockade with WB4101, the responses to yohimbine were not the same. In male CCI rats, α~2~-adrenoceptor blockade produced a dose dependent response to carbachol stimulation of the LH, with the highest dose of carbachol producing the optimal response. This finding is similar to those seen in males in models of chemotherapy-induced neuropathic pain ([@bib0190]), latent sensitization ([@bib0290]), spinal nerve ligation ([@bib0005]), and CCI ([@bib0180]). These results are suggestive that LH stimulation in male nerve injured rats produces antinociception through α~2~-adrenoceptor activity that is stronger than the pronociceptive effects of α~1~-adrenoceptors.

An unexpected finding was that female CCI rats had essentially no response to α~2~-adrenoceptor blockade, indicating that antinociception mediated by α~2~-adrenoceptors did not occur in these nerve-injured females. While α~2~-adrenoceptor-mediated antinociception was seen in female rats following crush injury ([@bib0200]), it was not found following CCI in female Wistar rats ([@bib0265]), a model similar to that of the present study. Some have suggested that estrogen attenuates the antinociceptive effects of α~2~-adrenoceptors in acute and inflammatory pain models ([@bib0175]) and it is reasonable to assume such may be the case in CCI females. This may be so, but the issue is not straightforward. We obtained α~2~-mediated antinociception in females in both acute and persistent inflammatory pain ([@bib0070]; [@bib0125]). And while we did not measure estrogen effects in the current study, we found no evidence of estrogen hormonal effects in previous work that included CCI females ([@bib0110]). In this latter experiment, the groups were small and the aim was not to test sex hormone effects per se, so we cannot completely rule out the effects of estrogen on CCI females. However, the present study demonstrated distinct differences in female CCI rats compared to male CCI and naïve male and female rats, with CCI females showing greater activity of pronociceptive α~1~-adrenoceptors with no opposing effect of antinociceptive α~2~-adrenoceptors. The logical conclusion from these observations is that females with nerve injury might well have less endogenous pain relief from the descending noradrenergic system.

In the present study, we used naïve rats rather than sham surgery rats. We chose naïve rats because in our previous study, we demonstrated that some male sham surgery rats were hyperalgesic ([@bib0110]). Others have also reported some hyperalgesic effects following incisional pain, in part from hypoxia and acidosis at the incision site ([@bib0225]; [@bib0305]; [@bib0135]; [@bib0130]). However, we showed a significant difference in hyperalgesia between CCI rats and sham controls in both male and female groups. Therefore, we can conclude that the CCI rats used in the present study were hyperalgesic due to nerve damage. Furthermore, because we obtained analgesia on rats with no incision, it is lilkely that sham rats would also demonstrate some antinociceptive effect. Our aim was to compare the hyperalgesia of neuropathic pain to nociceptive pain without the potential confounding issue of incisional pain.

We also acknowledge the limitations of microinjector studies. Our microinjections of 0.5 μl tend to limit the average spread the injection ([@bib0160]; [@bib0155]). It has also been noted that the amount of available solution decreases the farther it is from the injection site ([@bib0060]; [@bib0160]), and it is reasonable to assume that diffusion of solution does not necessarily translate to neuronal activation. For example, we have shown that microinjections in the ventral thalamus just dorsal to the LH ([Fig. 1](#fig0005){ref-type="fig"}A; [@bib0080]) and in the internal capsule adjacent to the LH ([@bib0100]; [@bib0075]) produce withdrawal latencies similar to baseline. Finally, we showed previously that 62 nmol of carbachol microinjected into the LH produce withdrawal latencies similar to baseline latencies ([@bib0070]). Given these factors, the likelihood that our findings occurred as a result of stimulating neurons outside the LH is small.

The importance of the findings from the current study are three-fold. First, the idea of sex differences in nociceptive responses in animals as well as humans remains controversial. While a systematic literature review of pain in humans could not show a consistent pattern of pain response differences based on gender in humans ([@bib0230]), a review of laboratory pain sensitivity in humans demonstrated markedly increased sensitivity to pain in females compared to males ([@bib0170]). While rat physiology may not always translate to human responses, the findings of the current study, which support the notion of increased nociceptive sensitivity of CCI female rats, indicate that sex differences deserve further investigation in clinical subjects.

The second finding relates to deep brain stimulation, which is being used for chronic pain management for cluster headaches ([@bib0030]; [@bib0280], cervical dystonia ([@bib0235]), and in a limited manner, in phantom limb pain ([@bib0045]). Our findings are suggestive that deep brain stimulation in the LH could be effective for some types of pain management and that the type of pain, stimulation dose, and sex differences are important considerations.

The third finding relates to clinical drug therapy. The serotonin and norepinephrine reptake inhibitors (SNRIs) are first-line treatments for clinical treatment of chronic pain ([@bib0065]). For example, the SNRI, duloxetine, is recommended for treating chemotherapy-induced neuropathic pain, but many patients still experience poorly controlled pain and impaired quality of life ([@bib0260]). Duloxetine works in part by blocking norepinephrine reuptake in the spinal cord dorsal horn, which keeps the neurotransmitter in the synaptic cleft longer, thereby increasing the probability that norepinephrine binds to α~2~-adrenoceptors that produce analgesia ([@bib0115]). However, our findings indicate that norepinephrine will also bind to pronociceptive α~1~-adrenoceptors and this binding may be part of the reason why duloxetine is not effective in all patients. Further study is warranted to see if interventions can decrease the pronociceptive effect of α~1~-adrenoceptors while increasing the antinociceptive effects of α~2~-adrenoceptors and to determine whether sex differences occur in human patients based on α~1~- vs α~2~-adrenoceptor activity.

In summary, we now know the following: 1. Male and female naïve and CCI rats demonstrate antinociception from LH stimulation ([@bib0110]; [@bib0055]; [@bib0050]; [@bib0315]); 2. The opposing effects of pronociceptive α~1~- and antinociceptive α~2~-adrenoceptors occur in naïve females ([@bib0070]) and in females with persistent inflammatory pain ([@bib0125]); 3. Tonic activation of α~1~- but not α~2~-adrenoceptors occurs in naïve and CCI rats, with a much greater effect in CCI rats ([@bib0285]); 4. Both α~1~- ([@bib0250], [@bib0255]; [@bib0310]) and α~2~-adrenoceptors ([@bib0250], [@bib0255]) up-regulate following nerve injury; 5. The opposing effects of pronociceptive α~1~- and antinociceptive α~2~-adrenoceptors were found in naïve male and female rats and male CCI rats, and carbachol dose affected male CCI rats ([Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}); 6. Female CCI rats did not show α~2~-adrenoceptor-mediated antinociception at any carbachol dose ([Fig. 3](#fig0015){ref-type="fig"}) and others have seen similar results following CCI ([@bib0265]). The clinical implications of this study are that deep brain LH stimulation, as well as the use of SNRIs, may be useful to relieve neuropathic pain, that sex and dose differences may occur, and in particular, females may not respond as well as males, in part because of the pronounced pronociceptive effect of α~1~--adrenoceptors and the absence of α~2~--mediated antinociception.
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